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The PathoScope approach

PathoScope is composed of three core and three optional modules that together provide a complete framework
to assign unassembled sequencing reads to their genomes of origin (Diagram 1). The key difference of the Pa-
thoScope approach against others lies in its Bayesian read reassignment model (part of PathoID) that upweights
uniquely mapped reads and uses them to guide the reassignment of ambiguosly mapped reads. For specific
information about the model go to: Francis et al. 2013 - http://genome.cshlp.org/content/23/10/1721.full
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Quick Start

If you can’t wait to start using PathoScope here are directions to get you started right away:

0. Make sure you have Python 2.7.3 or higher installed and added to your PATH variable. Alternatively, you
could use an older version of Python provided that you install the argparse module (https://pypi.python.org/

pypi/argparse)

1. Go to http://sourceforge.net/projects/pathoscope/ and download the latest version of PathoScope

2. Change directory to your download folder and extract the compressed file, e.g.,
$ tar xvf pathoscope 2.0.tar.gz

3. Change directory to where you extracted the package and simply run:

$ python pathoscope/pathoscope.py -h #General top level usage information

$ python pathoscope/pathoscope.py LIB -h #Usage information for LIBrary module

S python pathoscope/pathoscope.py MAP -h #Usage information for MAPping module

$ python pathoscope/pathoscope.py ID -h #Usage information for IDentification module
$ python pathoscope/pathoscope.py REP -h #Usage information for REPort module

Test PathoScope and quick example

1. Change directory to pathoscope/pathomap/bowtie2wrapper/unittest and simply run
python testBowtie2Wrap.py

2. Change directory to “pathoscope/pathoid/unittest” and simply run
python testPathoID.py

There is a sample alignment file called ‘M AP_3852_align.sam’ that is included with this package in the example
folder to test PathoID and PathoReport modules.

3. Generate TSV(Tab Separated Value) file Report that can be opened in Excel and an updated alignment file:

§$ python pathoscope/pathoscope.py ID -alignFile example/MAP 3852 align.sam -expTag 3852 -outDir re-
'sults

4. Generate XML file and TSV file Report using the pathoReport module:

'$ python pathoscope/pathoscope.py REP -samfile results/updated MAP 3852 align.sam -—outDir results



https://pypi.python.org/pypi/argparse
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Step-by-step example

1. Make sure you have all the ingredients

In this section, we will investigate the microbial content of Sequence Read Archive (SRA) run SRR167721. These
data are derived from Lung swab / tissue from titi monkeys with pneumonia published by Chen et al. (2011).

To obtain the proper fastq file, you can go to http://www.ncbi.nlm.nih.gov/sra/ and search for the SRA object
SRR167721 as shown below:

Then simply follow the on-screen directions to download the data. The SRA uses its own file format (.sra) so you
need to convert the resulting file to .fastq. Please check the SRA toolkit documentation for information on how
to get and install the appropriate programs to convert from sra to fastq (http://www.ncbi.nlm.nih.gov/books/

If you haven't downloaded PathoScope 2.0 yet, please do so at http://sourceforge.net/projects/pathoscope/ and
extract the files by issuing something like this:

PathoScope is designed to work on Linux-based machines like most computer clusters, all the flavors of Linux
(e.g., Ubuntu, OpenSuse, RedHat, etc.), and Apple desktop and laptop machines. If you are a Windows user, it
should work just with the standard python setup.

The only PathoScope dependency is Bowtie2; you need to make sure you have it in your $PATH.

You also need Python 2.7.3 or higher installed in your system and added to your PATH variable (usually by de-
fault in most systems). Check your Python version by issuing the following command from the terminal:
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2. Let’s build your library

PathoScope Library module (PathoLib) is designed to help you collect sequence data from NCBI that you deem
pertinent for a given analysis. Basically, you need to think about your potential targets, i.e., what would you
expect to find in your metagenomic sample that you want to identify, and your filters, i.e., what would you like to
filter out from your data that are not part of the target analysis. Typically, you would want to look for any mi-
crobes (virus, bacteria, fungi) and discard any host reads and artificially added sequences like PhiX174.

So let’s get some target sequences for our analysis:
°Change directory (cd) to PathoScope folder
°Create a directory to contain your library data
°cd into pathoscope directory and call PathoLib module help for details

S cd Desktop/pathoscope2/

$ mkdir library

$ cd pathoscope

$ python pathoscope.py LIB -h

You have two ways of running PathoLib. 1) You could set up or use an existing MySQL database from where to
draw your library or 2) you can download NCBI’s nucleotide database (10 GB) from their ftp site (ftp://ftp.ncbi.
nih.gov/blast/db/FASTA/nt.gz) and get your data from there. Either way you'll end up with files representing
your Filter or Target libraries.


http://res.illumina.com/documents/products/technotes/technote_phixcontrolv3.pdf
ftp://ftp.ncbi.nih.gov/blast/db/FASTA/nt.gz
ftp://ftp.ncbi.nih.gov/blast/db/FASTA/nt.gz

°Within pathoscope2 directory, create a directory to contain your data files (name it data)
°cd to it and download the latest nucleotide database from NCBI
°Decompress

mkdir data

cd data

wget ftp://ftp.ncbi.nih.gov/blast/db/FASTA/nt.gz
gunzip -dc nt.gz > nt.fasta

Now, you should have a file named nt.fasta within the pathoscope2/data directory. Our next step is collecting
sequence data that matches viruses (Taxonomy ID 10239) so that we create a target library.

2.1 Let’s try using a MySQL database first (OPTIONAL)...

For this option, you will need to have access to a MySQL database containing sequence data information, and the
python package MySQLdb (http://sourceforge.net/projects/mysql-python/). Also, make sure you have MySQLdb
in your PYTHONPATH.

Then, you should issue something like this:

Where -dbhost, -dbuser, and -dbpasswd are your credentials to access the SQL database. In the backend,
PathoLib is going to take the file nt.fasta, grab GI numbers, query your SQL database, and retrieve taxonomy
information to be prepended to your resulting file. Your resulting file will have all NCBI’s records whose taxon
ID is 10239 (virus) and all subtaxa. For instance:

From:

>gi|40555938|ref| NC_005309.1| Canarypox virus, complete genome

To:

>ti|44088|gi|40555938|ref|[NC_005309.1| Canarypox virus, complete genome

2.2 ...And now let’s try without a MySQL database

(within pathoscope directory)
i$ python pathoscope.py LIB -genomeFile ../data/nt.fasta -taxonIds 10239
i--subTax -outPrefix virus

Note that in the command line above (--subTax) the extra hyphen is not a typo.


http://sourceforge.net/projects/mysql-python/

Again, we are asking PathoLib to look into nt.fasta for all sequences whose taxon ID is 10239 (virus), including
all the subtending taxonomies according to NCBI’s taxonomy tree (--subTax) and create a file with the prefix
‘viral’ On the backend, PathoLib is going to remotely connect to NCBI and download taxonomy information
to link GI numbers (present in fasta entries within nt.fasta) to taxon ID numbers (TT) and thus be able to select
sequence data according to the user’s preferences.

Bear in mind that executing PathoLib can be memory intensive. In order to search the entire GenBank nucleo-
tide database for the taxon IDs youd like to use for PathoMap, youd need to allocate something around 6 GB of
RAM to PathoLib.

You could decrease memory requirements by using a 2-step approach where 1) you prepend taxIDs to all nt.fasta
entries and 2) then you select sequences from the resulting file. Step 1) will be a one time step that you can use

as a source to subselect taxa according to your different analyses and needs. Step 1) needs a MySQL database up
and running, however, you can download nt_ti. fa.gz directly from PathoScope website and start from step
2) without a MySQL database.

i$ python pathoscope.py LIB -genomeFile ../data/nt.fasta -outPrefix nt
}dbhost localhost -dbuser pathoscope -dbpasswd johnsonlab

i python pathoscope.py LIB -genomeFile nt_ti.fa -taxonIds 2,10239,4751
i--subTax -outPrefix microbes

This approach will render a file with sequence data for viruses just as the one generated above using a MySQL
database. However, downstream your report won't have all the organismal information as it would by using a
database. Let’s see how to set up a ready-to-use database.



2.3 How to setup a MySQL database

To make things more amenable, we provide a curated version of the nt GenBank database (as of OCT2013) as
a MySQL database. Please go to our website and download pathodb. sgl. Make sure you have MySQL and
python package MySQLdb up and running, then simply follow the instructions below:

From the terminal:

mysgl -u root -p

<Enter root password>

create DATABASE pathodb;

create user pathoscope;

grant all privileges on pathodb.* to pathoscope@”localhost” identified by
‘johnsonlab’;

flush privileges;

And then...

mysgl -u pathoscope -p pathodb < pathodb.sqgl
<Enter the following password when asked>
johnsonlab

So when you use the PathoLib you should provide your database credentials as follows...

$ python pathoscope.py LIB -genomeFile ../data/nt.fasta -taxonIds 10239
--subTax -dbhost localhost -dbuser pathoscope -dbpasswd johnsonlab —out—§
Prefix virus_sql '




3. The PathoMap module

This module will take your reads and map them against a target library. Then it will map the mapping reads
against a filter library. All the reads that map to the filter library with a score equal or greater than the mapping
score to the target library will be discarded. The reads mapping with a better score to the target library will be
used downstream by the PathoID module.

This computational subtraction mapping approach starts by building genome indices for your target and filter
libraries, spliting the libraries as necessary to comply to Bowtie2 architecture (in files of up to 4.3 Gb; Step 1).
Then, PathoMap is going to map your reads (fastq) to whatever indices and create a single merged sam file (Step
2). The resulting file will be a filtered sam file, which serves as input for PathoID.

Diagram 2:
PathoLib PathoQC O Core Module D Optional Module
l l , (Step 1: Build reference genome indices A
/
Target or Quality Controlled / Target Lib A1
Pathogen Library Reads / Target Lib A Splt Library <> (4.3 Gb)
(fasta) (fastq) / (86Gb) —> >43Gb _
q / —, TargetLib A2 Build Bowtie2
// (4.3 Gb) Indices
,/ Target Lib B
, (4.3 Gb)
Wrapper | Step 2: Read alignment
\
\ Indexes Alignment Output
AN +LibA1 —> Bowtie2 —» sam
. \
PathoLib Target Alignment \ Read "
(sam) ' (fasta) +LibA2 —> Bowtie2 —» sam 0
\
\ +Lib B1 —» Bowtie2 — sam
- J
Filter or Target Aligned
Host Library Reads

(fasta) (fastq)

Bowtie2 PathoMap Filtered Alignment
Wrapper Filter - (sa

m)
Filter Alignment PatholD PathoReport
(sam)

As we stated previously, we will be using reads derived from a Titi Monkey outbreak of unknown viral origin
(Chen et al. 2012). Here, we are asking what kind of virus is likely responsible for the outbreak by mapping all the
reads against our target library. This library contains all the sequence data from GenBank under the virus taxon-
omy ID and it was obtained using PathoScope’s library module. Originally, the authors didn’t know the etiologic
agent of the outbreak. Our case is different because we have included the culprit’s genome in the target library.
Let’s see how it goes.
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First, let's map the reads from SRR167721 to our Target library...

$ python pathoscope.py MAP -U ../data/SRR167721.fastqg -targetRefFiles
viral -filterRefFiles human.fa,phixl174.fa -outDir ../results -outAlign
SRR167721.sam -expTag tutorial

Let’s dissect the process. We told PathoMap that our input file is SRR167721.fastq (-U), we indicated our Tar-
get and Filter files (-targetRefFiles, -filterRefFiles), and output directory (~outDir), filename
(-outAlign) and experiment tag (-expTag). PathoMap is designed so that you could ‘enter’ it at any point.
For example, if you already have indices built, you could simply specify their prefixes (-targetIndexPre-
fixes, -filterIndexPrefixes), or if you already have alignment files (sam) for your data against Target and
Filter libraries you could start from there as well (-targetAlignFiles, -filterAlignFiles).

In this example, we use —U option to specify our input file. If you have paired-end data, you probably want to use
-1 and -2 options, as in the example below:

S python pathoscope.py MAP -1 ../data/SRR167721_Rl.fastq -2 ../
Edata/SRR167721_R2.fastq -targetRefFiles viral -filterRefFiles human.
ifa,phix174.fa -outDir ../results -outAlign SRR167721l.sam -expTag tuto-
rial

As you can see from the screenshot above, PathoMap is checking whether our target and filter libraries need be
split and whether there are indices built, to then proceed with the mapping. By default, Bowtie2 settings are -p8
--very-sensitive-local -k 100 --score-min L,0,1.2. Basically a score-min of L,0,1.2 corresponds to about 90% iden-
tity Score =0.9*2*L-0.1*6*L = 1.2 L. In order to give some leeway for the case when there is a gap which
has a penalty of 11, and to have some minimum cutoff etc., we selected the above default setting, which should
work in most of the cases. There is an option for the user to provide custom bowtie2 parameters, if the user wish-
es to override the default.

Now, our reads file SRR167721.fastq had an overall aligning rate of 5.56%, 77.46%, and 0.00% against viral, hu-
man, and PhiX174 databases, respectively. Let's move on to PathoID!

11


http://www.ncbi.nlm.nih.gov/sra/?term=SRR167721
http://www.ncbi.nlm.nih.gov/sra/?term=SRR167721
http://www.ncbi.nlm.nih.gov/sra/?term=SRR167721
http://www.ncbi.nlm.nih.gov/sra/?term=SRR167721
http://www.ncbi.nlm.nih.gov/sra/?term=SRR167721
http://www.ncbi.nlm.nih.gov/sra/?term=SRR167721
http://www.ncbi.nlm.nih.gov/sra/?term=SRR167721
http://www.ncbi.nlm.nih.gov/sra/?term=SRR167721

4. The PathoID module
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Alignment File (sam) —_—
11904343 | org | S_epidermis_VCU127 | gi | 41868372

 S—
O & .
————————— >

11904343 | org | S_epidermis_VCU127 | gi| 41868370
||
| |

PathoMap | ——

———>
11904343 | org | S_epidermis_VCU127 | gi| 41868371

—
— >

11176280 | org | S_epidermis_ATCC | gi | 27466918
—/

 m— —

C »)

N J

") Reference Genome

PatholD

Read Reassignment Algorithm E——
11904343 | org | S_epidermis_VCU127
|

 —
=@ &= == | —
C D C D C )

Step 1: Genomes with common taxon IDs
are treated as the same organism

ti] 176280 org | S_epidermis_ATCC
 —

—

———————

Step 2: Ambiguously aligned reads are
remapped to most probable
genome of origin

(S J

[ Read with only one alignment

Updated Alig

File (sam)

11904343 | org | S_epidermis_VCU127 | gi | 41868372
|

O . .
———————— >

11904343 | org | S_epidermis_VCU127 | gi| 41868370
|
| |
——>
11904343 | org | S_epidermis_VCU127 | gi| 41868371

| m—
— >

11176280 | org | S_epidermis_ATCC | gi| 27466918

C D

N

~

J

[ Read with ambiguous alignment

—— |PathoReport

The PathoID module is the core of the PathoScope pipeline. We have seen dramatic increases in specificity and
sensitivity due to PathoID Bayesian read reassignment model (Francis et al. 2013) over other methods. The key
is to identify reads with unique alignments and use them to guide the reassignment of reads with ambiguous

alignments (diagram 3).

Let’s try PathoID with our file SRR167721.sam generated previously with PathoMap. Try something like the
command below (Check additional options with python pathoscope.py ID -h)

$ python pathoscope.py ID -alignFile ../results/SRR167721.sam -fileType |
sam -outDir ../results -expTag tutorial

12


http://genome.cshlp.org/content/early/2013/07/08/gr.150151.112
http://www.ncbi.nlm.nih.gov/sra/?term=SRR167721

PatholD is parsing SRR167721.sam and using an Expectation-Maximization (EM) algorithm to search for the
best parameter estimates (Maximum a posteriori; MAP) for the proportion of mapped reads (pi; theta). PathoID
prior distributions and starting values are meant to work for most situations, however, you could use the argu-
ments -piPrior and -thetaPrior to modify these. Also, to control the parameters of the EM algorithm
you could do so by using ~emEpsilon, -maxIter, and -~scoreCutoff options.

Let’s look at our outfile from PathoID. Go ahead and open tutorial-sam-report.tsv in a text editor or spreadsheet
software.

The first row in this file tells you how many reads were aligned and how many genomes were mapped. In our
example above, you can see that 69,621 reads (out of 12.4 Million; 0.56%) mapped 2,156 genomes. Then, from
row 2 down you have a ranking of hits ordered ascendently according to the proportion of mapped reads (Final
Guess).

‘Final guess’ represent the proportion of reads that are mapped to the genome in Column 1 (reads aligning to
multiple genomes are assigned proportionally) after pathoscope reassignment is performed.

‘Final Best Hit’ represents the percentage of reads that are mapped to the genome in Column 1 after assigning
each read uniquely to the genome with the highest score and after pathoscope reassignment is performed.

‘Final Best Hit Read Numbers’ represent the number of best hit reads that are mapped to the genome in Column
1 (may include a fraction when a read is aligned to multiple top hit genomes with the same highest score) and
after pathoscope reassignment is performed.

In our example above, you can see that all the genomes are coded according to their taxon ID as in GenBank
taxonomy database. When you use PathoDB in combination with PathoReport, you get richer and more infor-
mative outfiles that include lineage information at different taxonomic levels.
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As you can see most of the reads from SRR167721.fastq (92%) mapped Titi Monkey Adenovirus ECC-2011 as
reported by Chen et al. 2011. The second best hit only gets 2.7% of mapped reads, making it obvious that the
dominant viral species is Titi Monkey Adenovirus.

5. PathoReport

This module will make use of the inferences from PathoID combined to organismal information from MySQL
database to produce rich XML reports. Just check out PathoReport options by issuing:

§$ python pathoscope.py REP —hg

PathoReport applies a cutoff based on when the levell (>= 0.5) and level2 (0.01 < level2 < 0.5) best hit reads pro-
portion for a genome falls to 0 and when the final proportion of genomes is less than 1%. This is meant to reduce
noise in the results that comes from genomes whose read proportions are extremely minor, so the final report is
cleaner. Also remember that as in most analyses of sequence data, the idea of Garbage In, Garbage Out (GIGO)
holds true for PathoScope. We have developed another optional module, PathoQC, that uses some third-party
software to perform automatic quality control on your raw fastq files. Please check it out at http://jlab.bu.edu/
software/.

6. Optional Modules

We have implemented three optional modules that complement the core modules described above. These are
PathoDB (handles connectivity between MySQL and PathoScope), PathoQC (wraps up third-party read quality
control programs [FastQC, cutadapt, and prinseq-lite]), and PathoReport (generates rich xml reports including
lineage, gene loci, protein products).

7. Run Times

Run times will obviously vary according to the computer power of the machine one’s using. In this tutorial, we
have used a MacPro Mid 2010, 2 x 2.4 GHz Quad-Core Intel Xeon, 48 GB 1066 MHz DDR3 ECC, on OS X 10.9
Mavericks. The runtime for PathoLib was < 45 minutes, PathoMap ~30 minutes, and PathoID < 5 minutes. We
have randomly subsampled the original fastq file from 12.4 million to 12.4 thousand reads (available here), so
that it'll take only 10 minutes the entire process and you still get to practice. 14
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